Abstract There has been a growing recognition of the role of neuroinflammation caused by microglia-exaggerated release of inflammatory mediators in the pathogenesis of Parkinson's disease (PD). Pituitary adenylate cyclase activating polypeptide (PACAP) is an endogenous 38 amino acid containing neuropeptide that has been shown to possess neurotrophic as well as neuroprotective properties. In this study, we sought to determine whether PACAP could protect SH-SY5Y dopaminergic cells against toxicity induced by inflammatory mediators. For this purpose, THP-1 cells which possess microglia-like property were stimulated by a combination of lipopolysaccharide (LPS) and interferon gamma (IFN-c), and the media containing inflammatory mediators were isolated and applied to SH-SY5Y cells. Such treatment resulted in approximately 54 % cell death as well as a reduction in brain-derived neurotrophic factor (BDNF) and phosphorylated cyclic AMP response element-binding protein (p-CREB). Pretreatment of the SH-SY5Y cells with PACAP (1-38) dosedependently attenuated toxicity induced by the inflammatory mediators. PACAP effects, in turn, were dose-dependently blocked by the PACAP receptor antagonist . These results suggest protective effects of PACAP against inflammatory-induced toxicity in a cellular model of PD that is likely mediated by enhancement of cell survival markers through activation of PACAP receptors.
Introduction
Parkinson's disease (PD) is a progressive neurodegenerative disease with physical manifestations of motor dysfunctions, resulting from damage of dopaminergic neurons in the substantia nigra (Samii et al. 2004 ). Currently, the most effective treatment is the administration of levodopa (L-Dopa), which replenishes dopamine levels in the brain. However, chronic therapy causes motor and psychiatric side effects (Dong-Kug and Kyoungho, 2007) . Therefore, it is essential to understand the etiological and pathological factors implicated in PD in order to find an effective treatment. Epidemiological and pathological evidence indicate that chronic inflammation contributes to deterioration of dopaminergic neurons in the substantia nigra (McGeer et al. 2001; Chen et al. 2003) . Moreover, elevated levels of inflammatory cytokines in PD suggest their involvement in the degenerative process. This contention is further supported by studies showing a positive correlation between gene polymorphisms that enhance certain cytokines and an increased risk for PD (McGeer et al. 2001; Schulte et al. 2002) .
Microglia or cells that can behave like microglia (e.g., the human monocytic cell: THP-1) are significant generators of inflammatory mediators, as they possess appropriate receptors that permit them to respond to cytokine stimulation (Raghavan and Bjorkman 1996; Theus et al. 2004 ).
Microglial activation is a key host defense mechanism. However, over activation of microglia can cause neurotoxicity (Klegeris et al. 2003) . Lipopolysaccharide (LPS), gram-negative bacteria derived endotoxin is commonly used to activate the inflammatory response of microglia cells (Nakamura et al. 1999; Liu and Hong, 2003) . LPS activation of microglia causes release of pro-inflammatory factors such as tumor necrosis factor (TNF-alpha), interferon gamma (INF-c), and nitric oxide (NO) along with a host of neurotoxic substances that result in dopaminergic neuronal death (Chao et al. 1995) . LPS also decreases the number of tyrosine hydroxylase-positive cells in primary mesencephalic cultures as well as increasing cytokine output (Gayle et al. 2002) .
Several studies propose that targeting the inflammatory pathway could have therapeutic advantage in the treatment of PD (Wersinger and Sidhu, 2002; Barcia et al. 2003; Carta and Pisanu, 2013; Chinta et al. 2013) . Pituitary adenylate cyclase activating polypeptide (PACAP), originally isolated from the sheep hypothalamic extract, is an endogenous neuropeptide with neuroprotective effects (Somogyvari-Vigh and Reglodi 2004) . Indeed, it has been shown that PACAP has protective effects in a rat or mouse model of Parkinson's disease (6-OHDA or MPTP treatment, respectively) Wang et al.2008) . Moreover, it was recently reported that PACAP deficiency in mice may enhance microglial inflammatory response and sensitize nigrostriatal dopaminergic neurons to paraquat-induced damage (Watson et al. 2013) . PACAP exerts its effects via the specific PAC1 receptor, and the VPAC1/2 receptors, which also bind vasoactive intestinal peptide (Vaudry et al. 2009 ). It has been suggested that at least some of the protective effects of PACAP are due to enhancement of the phosphorylation of CREB (cyclic AMP response element-binding protein) as well as upregulation of brain-derived neurotrophic factor (BDNF) (Frechilla et al. 2001; Yaka et al. 2003; Racz et al. 2006; Rat et al. 2011) . Moreover, PACAP's ability to reduce caspase-3 levels (main mediator of apoptosis) is considered a major contributor to its protective properties (Vaudry et al. 2000 (Vaudry et al. , 2002 Botia et al. 2011; Brown et al. 2013) .
PACAP is released within the lymphoid organs following antigenic stimulation and modulates the function of inflammatory cells through specific receptors (Ganea and Delgado, 2002) . Since the balance between pro-and antiinflammatory factors plays an essential role in the successful control of inflammation, it has been suggested that PACAP plays a significant role in the inflammatory process by inhibiting the in vitro and in vivo production of proinflammatory cytokines and by stimulating the production of anti-inflammatory cytokines (e.g., IL-10) (Delgado and Ganea 2001; Delgado, 2002, Martinez et al. 2002) . Based on these findings, it has been suggested that PACAP may offer a novel therapeutic approach in the treatment of neurodegenerative diseases including Parkinson's disease (Delgado and Ganea 2001) .
In this study, we first sought to determine whether PA-CAP might have protective effects against inflammatorymediated toxicity and whether these effects were mediated by PACAP receptors. For this purpose, we utilized human neuroblastoma-derived cell line (SH-SY5Y) that express high levels of dopaminergic activity and are used extensively as a cellular model to study mechanism(s) of toxicity and protection in nigral dopaminergic neurons (Storch et al. 2002; Maruyama et al. 2004; Naoi et al. 2004; Copeland et al. 2007; Das and Tizabi, 2009; Ramlochansingh et al., 2011 . Moreover, since neurotrophic factors have been implicated in neurotoxicity and PACAPmediated protection, the levels of brain-derived neurotrophic factor (BDNF) and phosphorylated cyclic AMP response element-binding protein (p-CREB) were also evaluated.
Methods

Drugs
Lipopolysaccharide, PACAP (1-38) and its antagonist (PACAP 6-38) as well as other analytical reagents were purchased from Sigma Chemical Company (Sigma Aldrich, St. Louis, MO). IFN-c was purchased from Peprotech, Rocky Hill, NJ. Antibodies for Western blot analyses were purchased from Santa Cruz Biotechnology Inc., Santa Cruz, CA.
Cell Culture SH-SY5Y cells purchased from American Type Culture Collection (ATCC) in Manassas, VA and were cultivated in a 1:1 mixture of Dulbeccos Modified Eagle Medium and Ham's F12 supplemented with 10 % fetal bovine serum, penicillin/streptomycin (1000 IU/ml), and gentamicin (50 ug/ml) at 37 O C in an incubator. The cells (passage 9) were harvested approximately 5 days later when confluent and plated in a 96-well plate (1.6x10 4 cells/well). Cells were allowed to adhere to plate for 24 h. The cells we used here were undifferentiated and similar to the ones used in the previously published report . It is of relevance to note that the response of the differentiated cells might be different from the undifferentiated cells; and in some cases, the differentiated SH-SY5Y cells may develop resistance to toxicants (Schneider et al. 2011; Jantas et al. 2013) . THP-1 cells were also purchased from ATCC and cultivated in ATCC formulated RPMI-1640 medium supplemented with 2-mercaptoethanol (0.05mM) and 10 % fetal bovine serum at 37 O C in an incubator. The cells (passage 4) were harvested approximately 3 days later when confluent and plated in 12-well plate. PACAP and PACAP antagonist treatments as well as the controls were performed in medium containing FBS since the viability of the SH-SY5Y cells is compromised in the absence of FBS.
Conditioned media from LPS-and/or LPS?IFN-gamma stimulated THP-1 cells were used to provide inflammatory mediators that were applied to SH-SY5Y cells. Control cells were exposed to medium derived from THP-1 cells in the absence of inflammatory stimulation LPS, IFN-c, and LPS?IFN-c stimulation of THP-1 cell Treatment THP-1 cells were grown in 12-well plates and were stimulated with different concentrations of LPS for 24 h. The cells were then spun down, and the cell free supernatant was added to SH-SY5Y cells in 96 wells for 72h. THP-1 cells grown in 12-well plates were stimulated with different concentrations of IFN-c for 24 h. The cells were then spun down, and the cell free supernatant was added to SH-SY5Y cells in 96 wells for 72h. THP-1 cells in 12-well plates were stimulated with different concentrations of LPS? IFN-c for 24 h, following which the supernatant obtained was applied to SH-SY5Y cells as described for LPS or IFN-c alone.
PACAP and PACAP Antagonist Treatment
To determine the protective effects of PACAP, 2 h prior to the addition of the inflammatory mediators, various concentrations of PACAP were added. Again, after 72 h, cell viability was determined as described below. To determine the effects of PACAP antagonist on protective effects of PACAP, 2 h prior to PACAP, cells were treated with PACAP6-38, followed by the addition of the conditioned media obtained from LPS?IFN-c stimulated THP-1 cells. Cell viability was determined after 72 h (see below).
MTT Assay for Cell Viability
Determination of cell viability was done by 3, (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. The yellow MTT tetrazolium salt (0.5 mg/ml) was dissolved in phosphate-buffered saline (PBS) with 10 mM HEPES, and 30 ll of this reagent was added to each well for 3 h and was incubated at 37°C. The live cells cause a reduction of the yellow salt to insoluble purple formazan crystals. The wells were then aspirated, and 50 ul of dimethyl sulfoxide (DMSO) was added to the wells to solubilize the crystals, and the plates were placed in a shaker for an hour. The plates were then read spectrophotometrically at 570 nm in a plate reader. The data were then analyzed and represented as percent cell viability.
Cell Flow Cytometry
Cell flow cytometry was used to detect apoptosis vs necrosis by measuring and sorting cells by fluorescent labeling of markers on cell surface. The cells were grown and treated following the same procedure listed under drug treatment above. The cells (approximately 2x10 6 cells/ml) were harvested and washed twice with cold PBS and then gently suspended in a solution that consisted of 100 ll Annexin V-Fluos labeling solution, 5 ll of fluorescein isothiocyanate labeled by Annexin V-FITC, and 5 ll of propidium iodide (PI). Afterward, the cells were incubated in the dark at room temperature for 15 minutes before adding 500 ll Annexin V-Fluos labeling solution to each well. Finally, 20 ul of this mixture (containing approximately 40,000 cells) was subjected to flow cytometry using a cellometer machine (Nexcelom, Lawrence, MA) followed by analysis of apoptotic and necrotic fraction using FCS express software.
BDNF, P-CREB, and Caspase-3 measurement
Western blot was used to determine the levels of BDNF and p-CREB in SH-SY5Y cells post treatment with inflammatory mediators. Briefly, cells were homogenized in lysis buffer (10 mM Tris-buffer, 5 mM EDTA, 150 mM NaCl, 0.5 % Triton X-100 (v/v) with protease inhibitors (Sigma-Aldrich, St. Louis, MO). The protein concentration in each sample was determined using a BCA protein Assay Kit (Pierce Biotechnology Inc., IL), and equal protein amount (as confirmed by b-actin) was loaded in each immunoblot. The proteins were separated using 12 % SDS-PAGE gel and transferred onto a nitrocellulose membrane. The membranes were blocked with a blocking reagent (5 % nonfat milk in TBS buffer) for h and incubated at 4°C overnight with the primary antibody against BDNF, p-CREB, and cleaved caspase-3 (Santa Cruz Biotechnology Inc., Santa Cruz, CA 1:1000). The membranes were washed with TBST (TBS buffer with 1 % Tween-20) and blocked with the blocking reagent. Membranes were then incubated for 1 h at room temperature in Goat Anti-Rabbit-HRP conjugated secondary antibody (1:3000 in TBS, BioRad Laboratories, CA). The membranes were then washed in the TBST washing solution and then visualized using enhanced chemiluminescent kits (Bio-Rad Laboratories, CA). The intensity of the protein bands on the gel was quantified using ChemiDoc XRS system (Bio-Rad Laboratories, CA).
Statistical Analysis
Statistical difference between treatment groups was determined by one-way ANOVA followed by post-hoc Tukey comparison test to determine which groups differed. Significant difference was considered a priori at p\0.05. Data were analyzed using Graphpad Prism 3 (San Diego, CA), and are expressed as mean ± SEM.
Results
Lipopolysaccharide (LPS)-mediated effect
The effects of conditioned media obtained from LPSstimulated THP-1 cells on SH-SY5Y toxicity are shown in Figure 1 . Conditioned media (CM) obtained from lower concentration of LPS (10 ng/ml) did not have any significant effect on cell viability. However, CM from LPS at 100 ng/ml resulted in approximately 18 % toxicity (p\0.05) and from LPS at 1000 ng/ml, resulted in approximately 30 % toxicity (p\0.01). CM from higher concentrations of LPS (e.g., 10,000 ng/ml) did not add significantly to the toxicity. Hence, CM from the lower concentration of 1000 ng/ml LPS was used in subsequent studies. In preliminary studies where LPS was directly applied to the SH-SY5Y cells, much higher concentration of LPS (approximately 300 fold higher) was needed to bring similar toxicity. Hence, to determine the effects of inflammatory mediators, THP-I cells were exposed to much lower concentrations of LPS, and the cell free media obtained from these cells was applied to SH-SY5Y cells.
Interferon Gamma (IFN-c)-mediated effect and LPS? IFN-c mediated effect
CM obtained from lower concentration of IFN-c (1 ng/ml)-stimulated THP-1 cells did not have any significant effect on cell viability of SH-SY5Y cells (Figure 2) . However, CM from IFN-c at 5 ng/ml resulted in approximately 13 % toxicity (p\0.05) and from IFN-c at 30 ng/ml, resulted in approximately 33 % toxicity (p\0.01). Hence, CM from this IFN-c concentration was used in subsequent studies. Conditioned media (CM) obtained form LPS 1000 ng/ml ? IFN-c 30 ng/ml resulted in the highest toxicity approximately 54 % (p\0.001) (Figure 3) . Hence, this concentration was used in subsequent studies. It is of relevance to note that the conditioned media obtained from the THP-1 cells might also contain some residual concentrations of LPS and IFN-c. Thus, the protection observed by PACAP pretreatment includes protection against direct stimulation by residual LPS and IFN-c on SH-SY5Y cells, although the effects of residual LPS and IFN-c might be minimal due to their relatively low concentrations.
Effect of PACAP pretreatment
PACAP pretreatment provided a concentration-dependent protection against toxicity induced by the CM obtained from the combination of LPS (1000 ng/ml) ? IFN-c (30 ng/ml) in SH-SY5Y cells (Figure 4) . Thus, 10 nM PACAP resulted in approximately 34 % protection (p\0.05), whereas 200 nM PACAP resulted in full protection (p\0.001). Thus, this concentration of PACAP was used in subsequent studies. PACAP by itself had no effect on cell viability (data not shown).
In order to check whether this effect is mainly mediated by the PAC1 receptors, PACAP antagonist (PACAP 6-38) was applied at various concentrations to antagonize the PACAP protection (200 nM) against toxicity induced by the CM obtained from a combination of LPS (1000 ng/ml) ? IFN-c (30 ng/ml) in SH-SY5Y cells (Figure 5 ). At 20 nM PACAP, antagonist did not affect PACAP protective capacity, but at 2 lM it completely blocked the effect of PACAP (p\0.001). PACAP antagonist by itself had no effect on cell viability (data not shown). 
Discussion
The findings from this study suggest that PACAP or its receptor agonist could be of therapeutic potential in retarding inflammation-induced neuronal degeneration, particularly in relationship to Parkinson's disease. This suggestion is based on concentration-dependent protective effects of PACAP against inflammatory-mediated toxicity in SH-SY5Y dopaminergic cells. Thus, application of inflammatory factors isolated from THP-1 cells following exposure to LPS?IFN-c resulted in significant toxicity in SH-SY5Y cells that was inhibited by PACAP pretreatment. The effects of PACAP were, in turn, inhibited by its receptor antagonist. Moreover, the cell flow results indicate apoptosis as a primary mechanism of toxicity, which is likely caspase-dependent as reflected in elevated caspase-3 levels. These results are consistent with previous findings of PACAP protection against hypoxia-induced inflammatory response (Suk et al. 2004) as well as in primary rat mesencephalic neuron-glia cultures where protective effects of PACAP against LPS-induced neurotoxicity were observed (Yang et al. 2006) . The mediators of toxicity in our paradigm are likely consisting of cytokines such as interleukin-1beta (IL-1b), tumor necrosis factor alpha (TNF-a), and nitric oxide (NO). This is based on the fact that human monocytic leukemia cell line, THP-1, has many similarities with human monocyte-derived macrophages which are used extensively to study inflammation-induced PD. THP-1 cell is a single, round suspension cell with distinct monocytic markers (Tsuchiya et al, 1980) . When differentiated, these cells become adherent macrophages with microglia-like properties and display increased phagocytic activity (Theus et al, 2004) . Additionally, this cell line possesses Fc (Fragment crystallizable region) and C3b (erythrocyte complement receptor), which plays a major role in inflammation and also produces lysozymes. Important to this study, THP-1 cells can be differentiated into macrophage-like cells using LPS.
When stimulated with LPS, THP-1 cells are able to secrete and respond to cytokines, implying the presence of appropriate cytokine receptors on this cell line (Klegeris et al, 2003) . Along with the release of cytokines, THP-1 release a host of other neurotoxic materials including nitric oxide, which leads to the formation of reactive nitrogen species and ultimately death of cells (Ohira et al. 2012) . Interestingly, exposure of these cells to a combination of LPS and IFN-c resulted in much higher toxicity than induced by each alone, consistent with previous findings (Klegeris et al, 2003) , and hence permitting further investigation of PA-CAP protective effects. In this regard, it would also be of This study also revealed that PACAP receptor antagonist blocked the effect of PACAP, which suggests that PACAP's effect is receptor mediated. It is of importance to note that although PACAP6-38 is a PAC1/VPAC2 receptor antagonist, it is often regarded as a PAC1 receptor antagonist in neuronal cells. Moreover, it is well known that most of the neuroprotection elicited by PACAP is mediated via the PAC1 receptor (Somogyvari-Vigh and Reglodi, 2004; Vaudry et al. 2009 ). On the other hand, VIP, the peptide showing the closest structural resemblance to PA-CAP, binds to PAC1 receptors with very little affinity (Vertongen et al, 1996) . This is most likely the reason behind the lower neuroprotective efficacy of VIP. Thus, in most studies, where the effect of both peptides in neuroprotective paradigms involving apoptosis were compared, VIP was either effective only at 10-100 times higher concentrations than PACAP or was not effective at all (Somogyvari-Vigh and Reglodi, 2004; Szabadfi et al. 2013) .
The result also confirms that the toxicity of SH-SY5Y cells induced by the conditioned media obtained from THP-1 cells stimulated with LPS ? IFN-c is via apoptosis, a finding in agreement with previously suggested mechanism of inflammatory-mediated toxicity (Beatie, 2004; Haanen and Vermes, 1995; Kuwano and Hara, 2000) . Our findings of an increase in caspase-3 also suggest that the apoptotic process is likely caspase-dependent, although this latter contention needs to be verified by further analysis of other caspases as well as the caspase-3 activity. These findings are in accordance with several previous observations that show that PACAP is a strong antiapoptotic peptide, increasing antiapoptotic molecules, and inhibiting proapoptotic signaling (Racz et al. 2006 , Reglodi et al. 2011 Somogyvari-Vigh and Reglodi, 2004) . Among others, PACAP inhibits caspase-3 activation in cerebellar granule cells exposed to ceramide or alcohol toxicity, retinal cells under glutamate-induced excitotoxicity, and also in PC12 cells exposed to amyloidtoxicity (Vaudry et al. 2009; Somogyvari-Vigh and Reglodi, 2004) . It is also of relevance to note that most neuroblastomaderived cell lines express PACAP and its receptors (Vertongen et al, 1996) , which might provide endogenous protection against some toxicants. However, the concentration of exogenous PACAP applied to these cells ensures adequate protection against insults induced by CM containing significant inflammatory mediators. Our findings of PACAP reversal of the decreases in BDNF and p-CREB induced by the conditioned media indicate a central role of neurotrophic factors in neurotoxicity induced by inflammatory mediators, and protection by PACAP. Thus, it may be suggested that phosphorylation of CREB by PACAP results in BDNF induction, which can lead to reduced caspase-3 levels and/ or activity, and therefore inhibition of neuronal apoptosis and toxicity. Since other neuroprotective agents (e.g., curcumin) may act via a similar mechanism (Qualls et al. 2013) , it would be of interest to determine whether combination of such drugs may lead to an additive or synergistic neuroprotection.
In summary, PACAP or PAC1 receptor agonists, by enhancing the neurotrophic pathway and inhibiting apoptosis, may be of therapeutic benefit in PD.
